Discrete Structures-Separate Continuous Regions Duality
Scheme S1. shows both N, a reactant, and S, a substrate, and their respective partition constants, P O I and P W I for N and P' O I and P' W I , for S describing their distributions between the oil, interfacial and aqueous regions of a microemulsion or emulsions. In the chemical trapping experiments, S is restricted to the interfacial region because it is both hydrophobic and cationic and has very low solubilities in the oil and water regions. i.e., [
Discrete Structures Separate Continuous Regions
Discrete Structures Discrete Structures. Scattering methods detect mesophasic structures, e.g., droplets of various sizes and shapes. They do not report on the medium properties of the two-region, surfactant and water, or threeregion, oil, surfactant, and water, systems. Experimental Methods. Light scattering, small angle neutron scattering, low angle X-ray scattering, and microscopy. Information Obtained. Size and shape of aggregates and their changes in response to the composition and properties of the mixture, e.g., temperature, surfactant and oil type, pH, salt, etc.
Separate Continuous Regions
Probe, Substrate or Reactant Distributions. Spontaneous self-assembly of surfactant, oil and water in a microemulsion or stirred emulsion creates three reaction regions, oil, interfacial and water. The surfactant molecules span the oil-water boundary and create the interfacial region. The distributions of a probe ≡molecule or a chemical reactant depend on their relative solubilities in the three regions. In surfactant/water association colloids (no added oil), probes or reactants are located in either the micellar or aqueous regions. In micro-and macro-emulsions they may be located in three regions. After initial or bulk mixing in both two-and three-region systems, the distribution of the probe is determined by its relative concentration in each region, i.e., its intrinsic solubility in each region and the region's volume.
Experimental Methods. Reaction kinetics with substrates, NMR, Linear Sweep Voltammetry, fluorescent and UV probes, ion selective elective electrodes (counterion binding, i.e., bound or free) and pH.
Information Obtained. Values are determined for partition or association constants between regions and rate constants for reactions within a reaction region, usually the interface. Spectrometric probes and reactions report on local medium polarity and/or non-covalent interactions, e.g., hydration, but not on the size or shape of aggregate structure.
Dynamic Equilibrium
The results from these two experimental approaches are not in contradiction because reactants and probe distributions are in dynamic equilibrium. Many thermal bimolecular reactions studied in organized media react on relatively slow time scales seconds, to minutes, to hours, and molecular diffusion is often on the nanosecond time scale. Thus, despite the fact that organized media contain discrete structures, probes and reactants are not "encapsulated" by them when their diffusivities are near the diffusioncontrolled limit and transport of reactants between structures is not rate limiting. Once bulk mixing is complete, their distributions are determined by dynamic equilibrium between separate continuous regions and by the relative solubilities of the probe and reactants in the totality of the oil, interfacial and aqueous regions. The measured rate of a thermal chemical reaction depends on the concentrations of reactants in the totality of all separate continuous regions, and is not limited by molecular transport across aggregate structure boundaries or across reaction regions.
Limiting Conditions: (a) The dynamic equilibrium requirement does not hold for extremely fast excited state and photochemical reactions whose rates are on the same order molecular diffusion. (b) The dynamic equilibrium requirement does not hold for extremely slow probe and reactant transfer rates that are on the same order rates of thermal chemical reactions. When transport rates and reaction rates are similar, discrete aggregates may influence probe signals and reaction rates.
Experimental Consequences of Dynamic Equilibrium: Three Examples
(a) Extremely fast reactions, dynamic equilibrium not established. The distribution of reactants whose reaction rates are on the same order as molecular diffusion and are measured by relaxation and fast spectroscopic techniques may not reach dynamic equilibrium. Thus, contributions to the observed rate from reactions in different regions of an association colloid or an emulsion can occur at separate observable rates, e.g., producing biphasic or triphasic concentration versus time plots.
(b) Only a single signal of an NMR probe is observed in organized media at dynamic equilibrium. Except at low temperatures, NMR signals for many molecules, e.g., N in a homogeneous association colloid that partition between micellar and aqueous pseudophases appear as a single weighted average signal instead of two signals (one for each region) because molecular diffusion is orders of magnitude faster than the NMR experiment. Similarly, an observable NMR probe signal in a microemulsion or emulsion, will be a single signal, not two or three, because of rapid transfer between two or three separate continuous regions. Two (or more) signals may appear when the diffusion is slow.
(c) Only one measured rate constant is typically observed for chemical reactions in two and three separate continuous regions at dynamic equilibrium. This is the norm for thermal chemical reactions in organized media. Because molecular diffusion of the reactant, N, between two-or three-regions is orders of magnitude faster than the rates of thermal reactions of N with S, only one k obs can be measured that is the sum of the weighted average of the reaction rates in the two or three separate continuous regions.
S.2. Assumptions of the Pseudophase Model as Applied to Reactions of Antioxidants (AOs) in Microemulsions and Emulsions
• Bulk Organization. After physical mixing of oil, surfactant and water is complete, the bulk phase is either homogeneous, a microemulsion, or heterogeneous, an emulsion. The kinetic stability of emulsions is variable, but can often be maintained by simple stirring. Microemulsions become emulsions by adding oil. Emulsions become microemulsions by adding surfactant and/or water.
• Molecular Organization. The aqueous and oil regions of oil-in-water emulsions and microemulsions prepared from the same components have the same intermolecular interactions. The interfacial region, which is a layer of surfactant between the oil and water, is composed of surfactant tails, some oil, and hydrated surfactant headgroups and components such as reactants. The structure of the interfacial region is only partially understood, but full characterization is not required to estimate partition and rate constants for reactants in emulsions or microemulsions.
• Reactant Diffusivities. Molecules and ions diffuse orders of magnitude faster than rates of most thermal reactions studied in association colloids and emulsions. Their diffusivities may be near their diffusion control limits within and between the microemulsions and emulsions droplets throughout the system. Thus, diffusion is generally not rate limiting for thermal reactions in fluid microemulsions and emulsions.
• Dynamic Equilibrium. Reactant distributions throughout the total volume of a microemulsion or a stirred emulsion are in dynamic equilibrium i.e., their concentrations in each region are constant after initial mixing is complete because reactant diffusivities are extremely fast.
• Volumes of Regions. The volumes of each region are set equal to the volumes of added oil, surfactant, and water, V T = V O + V I + V W , expressed as volume fractions, Φ O , Φ I , and Φ W . In oil-inwater microemulsions or emulsions, the water region is continuous and the oil and interfacial regions are equal to the totality of the oil and interfacial regions in all droplets regardless of size or shape.
• Rate Constants. The values of the observed and interfacial bimolecular rate constants, k obs and, k I , respectively, are for reaction in the totality of the interfacial regions of the emulsions and microemulsions droplets.
• Reactant Distributions. The concentrations of reactants in each region are proportional to their relative solubilities in each region and their distributions are described by two extra-thermodynamic partition constants (microemulsions and stirred emulsions are not true two phase systems) between the water and the interface, P' W I and P W I , and between the oil and the interface, P' O I and P O I for the substrate, S, and second reactant, N, respectively.
• Reactant Concentrations. Typical experimental concentrations are ca. 10 -4 M arenediazonium ion and ca. 10 -3 M AO such that volume ratios of water and oil to AO are ca. 10 3 > AO. The surfactant volume is typically ca. 9 to 90 > AO. Thus, a change in reactant concentrations with time does not significantly perturb the medium properties of the microemulsions or stirred emulsions.
• Observed Rate Constants for Reactions in the Interfacial Region are Inversely Proportional to the Surfactant Volume. If a reaction in an emulsion or microemulsion obeys first order kinetics at constant pH and the system is in dynamic equilibrium, then k obs is inversely proportional to the volume of the surfactant added and is independent of stir speed and droplet size. Reactions in microemulsions and emulsions generally meet this requirement. + in the oil and aqueous regions is assumed to be negligible and reaction between 16-ArN 2 + and AO occurs only in the interfacial region. To apply equation s1 to chemical reactions in emulsions, the right hand term for reaction in the interfacial region must be converted into measurable parameters and stoichiometric concentration units. The distribution of the AO between the three regions of the emulsion is given by equation s2, which defines the total AO concentration in the entire emulsion as the sum of the AO concentration in each region times the volume fraction of that region after bulk mixing is complete and dynamic equilibrium has been reached:
The partitioning of AOs between the aqueous and interfacial and oil and interfacial regions are defined by equations s3 and s4. Because the probe is located only in the interfacial region, the interfacial molarity of 16-ArN 2 + is converted to its stoichiometric molarity by equation s5: 
Note that increasing the surfactant volume fraction or Φ I , always decreases the interfacial molarity of the AO at constant volume fractions and constant ratio of oil and water. Keeping the volume fractions constant is possible as long as the volume fraction of surfactant is small, e.g., ≤ 5%, which is typical in these experiments. Similar expressions can be derived for (AO O ) and (AO W ), but are not needed as long as their concentrations are negligible, see assumptions leading to equations s1 above and 2 in the text. Figure S3 were simulated by using computer program to fit the data by using equations s8 and s9, where equation s9 is the reciprocal form of equation s8. Note the excellent quality of the fits in Figure S3 . Parameters "a" and "b" are obtained from the fitting process and used to solve for the partition constants from the relation between using equations s10 and s1l that are obtained from equation s7.
The two partition constants P O I and P W I appear as product terms in equations s6 and s7, and also in s10 and S11, and independent values of these two terms cannot be obtained from a single set of k obs /Φ I data. We have developed two solutions to this problem. One is that we measure a second set of k obs /Φ I data at a different Φ O /Φ W ratio and then solve two equations in two unknowns, fitting the kinetic data with equations s8 and s9, and then using the obtained values of parameters a and b to solve equations s11 (as two equations in two unknowns) and s10. This approach works and it was the first one that we used. However, sometimes the two k obs /Φ I data sets have similar dependencies on Φ I and precision is lost. We developed a second approach based on the equalities shown in equation s12 that relates the P O I and P W I values to the partition constant between the oil and water phases in the absence of added surfactant, i.e., at
Here we are making the extra thermodynamic assumption that the definition for P O W can be equated to the ratio of P O I and P W I for the distribution of an AO in separate regions in an emulsion instead of separate phases. We believe this works because the volume of the interfacial region and oil and aqueous regions are in large excess over that of the AO volume and the AO is in dynamic equilibrium in the emulsion. Values for P O W can be measured by classical methods, e.g., by using separatory funnels and an UV/Visible spectrometer because most AOs contain at least one aromatic ring the gives the AO a strong absorbance. Once a value for P O W is obtained, equations s11 and s12 can be solved as two equations in two unknowns. More complete derivations are published elsewhere 8, 9 and in the Supporting Information of ref. 10 . Example applications of these equations are in references. 
